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Abstract 
Natural zeolite stilbite crystals are procured from Pune the near Pashan area in Maharashtra, India. The Ca-stilbite (Ca-STI) is 
characterized by X-ray diffraction, Elemental analysis, infrared spectroscopy and thermal analysis. The calcium ions in natural 
stilbites are replaced with magnesium ions via ion exchange process to have modified stilbite. Pristine and ion exchanged stilbite 
thick films are prepared via screen printing process and the prepared films are annealed at 6500C and used as sensors to test 
alcohols like ethanol and propanol. It is observed that due to the partial substitution of magnesium ions in Ca-STI structure 
operating temperatures shift to lower temperatures for both, ethanol and propanol. However, Mg-stilbite (Mg-STI) sensor gives 
more response to propanol than ethanol compared to Ca-STI sensor. The study reveals that presence of magnesium ions in Ca-
STI results in lowering of operating temperatures. Mg-STI thick film sensor is an excellent alcohol sensor which can sense 
ethanol and propanol at much lower temperatures compared with pristine sensor with higher response to propanol compared to 
ethanol. 
 
© 2015 The Authors. Published by Elsevier Ltd. 
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1. Main text  
Zeolites are alumino silicates and are crystalline micro porous materials. The structuralproperties such as high 
surface area, high adsorption capacity and compositional features, as well as ion-exchange properties are being 
exploited in industrial, agricultural, environmental, and biological applications Zheng et al (2012). Natural zeolites 
are moulded from the chemical reactions of the ashes formed in volcanoes and limy (high pH) water. Stilbite is one 
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of the important naturally occurring low-temperature secondary hydrothermal mineral Galli E. and GottardiG (1967, 
71, 85). 
It occurs in the cavities of basaltic volcanic rocks, in andesitic, gneiss and hydrothermal veins (Slaughter The 
stilbites are grouped in two types; Ca-stilbite & Na-stilbite.  Natural stilbite is a hydrous calcium, sodium and 
aluminium silicate. The natural stilbite a zeolite is widely used for various commercial and industrial applications 
like photo catalysis as a catalyst, waste water and nuclear waste treatment as an adsorbent, and also in agricultural 
field as a fertilizer Kallo D. and Sherry H. S. (1989), Wang C et al (2008), Zhao L and Yang Y.(2001),Benardi ADC 
et al (2010).The thermodynamic properties of stilbite have been carried out by Kasture et al, Kasture M.W. et al 
(1997,).Prasad and his co-workers have studied the dehydration behavior of stilbite in detail ShivaPrasadK.and 
Prasad P. (2004), Prasad P et al (2005). The dielectric properties of stilbite single crystal have been carried 
outKalogerasJ.et al (1994). The great advantage of stilbite is its highly porous and rigid structure which favors the 
adsorption of various gas molecules on its surface and therefore has also been used in sensor field Schaf O (1997, 
99, 2006), Mahabole M et al (2012).Ethanol sensors are extremely important especially during the production of 
alcoholic drinks to monitor the wine quality, food–packages, clinical analysis, agronomic, vinicultural and 
veterinary analysis, also toxic waste and contamination analysis Mahabole M et al (2012).It is reported that 
combustion of propanol may result in toxic emissions. Therefore, detection of ethanol and propanol is extremely 
important. O. Schaf et al have carried out detailed study on stilbite to sense volatile organic compound like 
methanol, 2-propanol, 3-petanol and 2, 2 dimethyl 1-pentanol. Moreover, electrical properties of stilbite single 
crystal have also studied in detail by O. Schaf and co-workers Schaf O (1997, 99, and 2006). Stilbite shows a wide 
variation in exchangeable cations, attempt has been made to use Mg-exchanged stilbite thick films to sense ethanol 
with improved performance Mahabole M. et al (2012). However, detection of propanol using magnesium exchanged 
stilbite thick films sensors is not reported so far. Therefore, the present investigation demonstrates the comparative 
study of sensing of alcohols like ethanol and propanol using natural Ca-STI and Mg++exchanged Mg-STI thick 
films. It also reports the effect of magnesium concentration on various sensing parameters is also investigated and 
described. 
2. Experimental 
2.1 Materials and Method 
 
Ca-STIs, acquired and powdered to 150 μ size. The powdered Ca-STI is put in boiled water for 2 hrs to remove the 
impurities. This is then dried in oven at 1000C for overnight. Ca-STI is ion exchanged with magnesium nitrate 
(Mg(NO3)2.6H2O) for the partial exchange of Ca2+by Mg2+ ions. Mg-STI sample is obtained by ion exchange 
process wherein a known amount of Ca-STI is soaked in the magnesium nitrate solution of particular (0.05M) molar 
concentration with constant shaking for 5 hr at room temperature. The Mg-STI is obtained by filtering the mixture 
and drying the solid filtrate at 1000C for 24 h. Screen printed thick films of Ca-STI and Mg-STI are prepared using 
the procedure described earlier Mene R.U. et al (2010). Thus the gas sensors are fabricated in the form of thick films 




X-ray diffraction spectra of Ca-STIand Mg-STI samples are obtained on Rigaku X-ray diffractometer using CuKα 
radiation (λ= 0.154056nm) in a scanning range of 5-500 (2θ) at a rate of 0.20(2θ). Elemental analysis for Ca and 
Mg-STI is recorded by using JEOL –JED-2300 EDS spectrometer for inspecting the numerous elements present in 
Ca-STI and also to confirm the presence of Mg++ in Ca-STIstructure. The functional groups of Ca-STI samples are 
identified by using FT-IR spectrophotometer (Shimadzu make) with a scan range 4000-400 cm-1 and a resolution of 
8 cm-1 to screen the structural changes. 
 
2.3 Gas Sensing Characteristics Study 
 
The sensing behaviour of alcohol vapours is studied by means of afixed gas chamber in a aetherat room temperature 
(RT). The prepared thick films of Ca-STI and Mg-STI, used as sensors, are placed on a heater and the temperature 
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of each film is monitored by thermocouple placed in contact with the sensing film. To avoid the moisture or 
humidity, the films are first preheated in sensor chamber. In this experiment, thetemperature range of sensor is from 
RT to 3500C and the voltage (Vout), across reference resistance which is linked in series with the sensor, is measured 
in aether at selective temperature intervals. The known amount of alcohol (in ppm) is injected inside the dome 
through a smallopening regulator and the output voltage is observed in alcohol environments at fixed temperatures. 





RVVR u                                              (1) 
Where Ra is the sensor film resistance in air and Rv in alcohol atmosphere. The percentage relative change in 
resistance is determined and the response or response is obtained using the following equation: 
 
Response




RRR  (2) 
In this study, the operating temperatures for Ca-STI and Mg-STI film sensors are predicted by plotting alcohol 
response as a function of temperature and are confirmed by taking repeatability tests. Similarly, response/recovery 
times and alcohol uptake capacities of these films are also determined in order to confirm the performance of each 
sensor. Alcohol uptake capacity of each film is observed for variable concentrations ranging from 250ppm to its 
saturation value by operating every film at respective operating temperature. The response and recovery times are 
also calculated by exposing the films to a fixed concentration of alcohol and fresh air at atmosphere consecutively. 
3. Results and discussion 
3.1 XRD Analysis 
 
The crystalline phases of Ca-STI and Mg-STI samples are confirmed by X-raystudy. Fig. 1(a-b) confirms the 
presence of characteristic X-ray peaks corresponding to Ca-STIstructure at 2θ values of 9.700, 21.880, 29.380 and 
32.240. The occurrence of these peaks can be attributed to (020), (041), (060), and (260) reflection of Ca-STI 
structure. The results matches with the standard data and the literatureGalli E. and Gottardi G(1967, 71, 85). From 
XRD patterns, it is observed that the insertion of Mg++ ions in zeolite structure does not show any change in Ca-STI 
structure indicating retention of the structure upon ion exchange. 
 
Fig.1 XRD profiles of a Ca-STI, b Mg-STI (0.05M) 
3.2FTIR Analysis 
 
The dehydration behaviour of Ca-STI and Mg-STI (0.05M) is studied by using Shimadzu FT-IR spectrometer in the 
range 4000-400 cm-1. The Fig.2 (a-b) shows the presence of structure sensitive and insensitive linkages of 
absorption bands inCa-STI. The absorption peaks present at 3595, 2786 cm-1 are due to the stretching mode of water 
molecules. Each spectrum shows the existence of bending mode of water molecules at 1594 cm-1. The asymmetric 
stretching mode of T-O is observed at 1097 cm-1 for Ca-STI. 
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Fig. 2 Typical FITR spectra aCa-STI, b Mg-STI (0.05M). 
 
The peak found at 470 cm-1 is due to the bending motion of T-O (T=Si or Al). The peak present at 559 cm-1 is owing 
to the double ring vibrations. The asymmetric and symmetric stretching signals of external linkages are revealed at 
1033 and 822 cm-1 respectively Shiva Prasad K and Prasad P (2004), Prasad P et al (2005). Except the change in 
intensity of adsorption peaks there is no change in the Ca-STI structure which confirms that the partial exchange of 
Ca2+ by Mg++ ions does not disturb the Ca-STI structure. 
 
3.3 EDS Analysis 
 
Fig. 3(a-b) depicts the concentration of several elements present in Ca-STIand Mg-STI which is obtained using 
energy dispersive spectroscope (EDS) techniques. It shows that the elements of the Ca-STI are aluminium, calcium, 
potassium, silica and oxygen. The EDS spectrum of Mg-STI demonstrates the significant signal due to presence of 
magnesium (Fig.2 (b)) and confirms the existence of Mg++ inCa-STI structure during ion exchange process. 
 
 
Fig. 3 EDS spectrum of aCa-STI, b Mg-STI (0.05M) showing various elements. 
 
3.4 Thermal Analysis 
 
 A TG-DTA tool is used to study the thermal behaviour of Ca-STI and Mg-STI samples. The TG curves in the 
Figure 4(a-b) illustrate the dehydration performance of Ca-STI and Mg-STI. It is observed that dehydration of both 
samples can be explained into two stages.  At first stage, between 500C to 2000C, the initial weight loss occurred due 
to the release of water molecules co-ordinated to cations.  And up to 4000C, the detachment of water molecules 
coordinated to cations and the bounded oxygen atoms starts, which results the second stage weight loss. Furthermore 
the DTA curves the endothermic peak occurs near 1800C which can be also approves the initial desorption of water.  
A growing of new anhydrous phase starts due to shrinkage in unit cell caused by the dehydration. A short 
exothermic peak at 2200C defines the detachment of water molecules from structure. A sharp exothermic peak, 
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observed at 5220C, reveals the completion of this phase and thedestruction ofstructure. It may be associated to 
crystal lattice energy by the formation of anhydrous Ca-STI phase. No more weight loss up to 8000C is detected. 
Both the samples show same tendencyapproving the fact that Ca-STI structure remains intact with partial exchange 
of Mg2+ ionsHowell D.A et al (1990), Kasture M.W. et al (1997). 
 
 
Fig.4 TG/DTA performance of zeolite structure with temperature; a Ca-STI, b Mg-STI (0.05M) 




Fig. 5 Repeatability tests for Ca-STI thick films showing the trend in change in response with reference to temperature; aethanol, b propanol; c 
   
 
Fig.6 Repeatability tests for Mg-STI thick films showing the trend in change in response as a function of temperature; a ethanol, b propanol. 
 
Fig.5 (a-c) shows the response of Ca-STI and Mg-STI (0.05M) sensor films to a fixed known concentration of 
ethanol and propanol at various temperatures. Ca-STI gives maximum response to ethanol (157) than that for 
propanol (45). This indicates the higher response the sensor film for ethanol compared to propanol as depicted in 
figure 5c. The operating temperatures for ethanol and propanol are also determined from the response versus 
temperature plots shown in Fig.6 (a-c). The Ca-STI film gives maximum response to ethanol and propanol at 1100C 
and 2100C respectively indicating the lower operating temperature of the sensor for ethanol than propanol. In case of 
Mg-STI, the operating temperatures resultant to maximum response are found to be 650C and 1700C for ethanol and 
propanol respectively as illustrated in Fig 6 (a) and Fig 6 (b). The Fig. 6 (c) shows comparative behaviour of Mg-
STI sensor for ethanol and propanol wherein the working temperature for ethanol is found to be lower compared to 
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Fig. 8 Response and recovery performance of Ca-STI based thick film sensors; a Ca-STI for ethanol, b Ca-STI for propanol 
 
Fig.7 (a-b) presents the comparison between Ca-STI and Mg-STI (0.05M) thick film based sensors for ethanol as 
well as propanol. From the Fig.7 (a), it can be concluded that Ca-STI film is more sensitive to ethanol than Mg-STI 
film. However, in case of ethanol the operating temperature for Mg-STI is found to be lower (650C) than that for Ca-
STI film (1100C). Mg-STI film gives higher response (145) to propanol at comparatively lower operating 
temperature (1750C) compared with Ca-STI (2100C). Therefore, it can be concluded that Mg-STI film can be 
activated as an alcohol sensor at comparatively lower operational temperature than Ca-STI film. Fig. 8(a-b) shows 
the comparative response/recovery time behaviours of Ca-STI and Mg-STI (0.05M) thick films as a function of 
time. Though the response of Ca-STI to ethanol vapour is high, it takes longer time (~300 sec) to sense ethanol in 
comparison with Mg-STI which can sense ethanol within ~120 sec. However, Ca-STI film gives prompt response 
(~135 sec) to propanol with lower propanol response. In case of Mg-STI thick film, the response time for propanol 
is observed to be ~290 sec. Fig.9 (a-b) shows the ethanol uptake capacities of Ca-STI and Mg-STI thick film as a 
function of concentration. In both the sensor films, alcohol concentrations are varied from 250ppm to their 
maximum saturation value. Ca-STI film can sense 2750ppm ethanol and after that it saturates and Mg-STI film can 
give response to 3750ppm ethanol followed by saturation. This shows the higher saturation limit of Mg-STI film 
than that of Ca-STI for ethanol. In case of propanol vapour, the propanol uptake capacities of both sensor films are 




The Ca-STI structure comprises the variety of polyhedron which forms a three dimensional structure wherein two 
dimensional channel systems are found to be presentSlaughter M. (1970),Mahabole M. et al (2012).Ca-STI structure 
has a distinctive zeolite openness that permits the water moleculesand large ions to dwell in and allow tomove inside 
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the thorough framework. Therefore, large surface area is offered by the Ca-STI structure for the molecules to get 
adsorbed. Alcohol sensing is a surface phenomenon and it involves adsorption and desorption of alcohol molecules 
on the surface.  
 
 
Fig.9 Comparison of gas uptake capacity of Ca-STI and Mg-STI (0.05M); a For ethanol, b For propanol 
 















The temperature at which the rate of adsorption and desorption becomes equal and response becomes maximum is 
called as operating temperature. In case of Ca-STI, this equalization occurs at lower temperature (1100C) for ethanol 
in comparison with propanol wherein maximum response occurs at 2100C. In Mg-STI, the same phenomenon takes 
place at   much lower temperature (650C) in ethanol atmosphere compared to propanol atmosphere (1750C). This 
proves that both the sensors can sense ethanol at comparatively lower temperatures. This may be due to the higher 
molecular size of propanol (0.47nm) in comparison with the ethanol molecule (0.446nm). Mg-STI thick film sensor 
shows the lower operating temperatures for both ethanol and propanol compared with Ca-STI sensor. The lower 
operating temperature, where the maximum alcohol response is obtained, indicates minimum change in resistance of 
the Mg-STI thick film sensor in both the alcohol atmospheres in comparison to air atmosphere. On the other hand, 
high value in resistance of Ca-STI film reveals the lower response leading to higher operating temperatures for the 
alcohols. At lower temperature, the channels & cages of the Ca-STI are filled with water molecules and these water 
molecules hinder the motion of mobile cations. At higher temperatures, gradual desorption of zeolitic water takes 
place and major structural rearrangement occur due to charge compensating cations. This provides complementary 
space for adsorbed molecules to enter into the channel systems and cages. Upon exposure to alcohol vapours, the 
extent of adsorption of vapours on the Ca-STIporous surface depends on the physical rearrangement of Ca-STI 
which in-turn depends on functional temperature. However, the entry to the Ca-STIstructure depends on the 
molecular size. Therefore, ethanol molecules, being smaller in size compared to propanol, can enter very easily in 
the zeolite structure. When the alcohol molecules dwell in the space inside the structure after the elimination of 
water molecules at high temperatures, hydrogen bonds become weak and protons contribute in conduction 
mechanism in addition to mobile cations, ensuring high conductivity. Therefore, the resistance of the sensor in 
Parameters 
 
Ca- STI Mg-STI (0.05M) 
Ethanol Propanol Ethanol Propanol 
Operating 
Temperature (0C) 




2750 2000 3750 2000 
Response time 
(sec) 
300 135 120 290 
Recovery time 
(sec) 
350 190 300 180 
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The characteristic XRD peaks and FTIR absorption bands due to T-O bonds confirm the Ca-STI structure. EDS 
indicates the presence of magnesium ions in Ca-STI structure. Mg-STI can sense ethanol and propanol at much 
lower temperatures compared to Ca-STI sensor. The ethanol uptake capacity of Mg-STI is found to higher than that 
for Ca-STI whereas the propanol upload capacities are observed to be same for the sensors. Mg-STI exhibits lower 
response time (~120sec) compared to Ca-STI (~300sec) for ethanol exposure. However the Ca-STI gives fast 
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